Abstract Almost 30 years ago pioneering work by the laboratories of Harald von Boehmer and Susumo Tonegawa provided the first indications that developing thymocytes could assemble a functional TCRb chain-containing receptor complex, the pre-TCR, before TCRa expression. The discovery and study of the pre-TCR complex revealed paradigms of signaling pathways in control of cell survival and proliferation, and culminated in the recognition of the multifunctional nature of this receptor. As a receptor integrated in a dynamic developmental process, the pre-TCR must be viewed not only in the light of the biological outcomes it promotes, but also in context with those molecular processes that drive its expression in thymocytes. This review article focuses on transcription factors and target genes activated by the pre-TCR to drive its different outcomes.
The thymus as the place for T cell development: short overview of thymocyte development
The thymus is the organ that supports the differentiation and selection of T cells. The thymic stroma promotes T cell development by producing growth factors and ligands for receptors expressed in thymocytes. During mouse embryogenesis, the thymic rudiment differentiates into the cortical and medullary thymic epithelial cell subsets (cTECs and mTECs), the major constituents of thymic stroma [1] . Only a small subset of hematopoietic precursors with T-lineage potential is able to enter the thymus [2] [3] [4] . Early lymphoid progenitors (ELPs) enter the thymus at the cortico-medullary junction [5] and begin their development into T cells through several phenotypically distinct and sequential stages, known as double-negative (DN), doublepositive (DP) and single-positive (SP) based on the surface expression of the co-receptors CD4 and CD8. DN cells are further divided into four consecutive stages on the basis of CD44 and CD25 expression: DN1 (CD44 ? CD25 -), DN2 (CD44 ? CD25 ? ), DN3 (CD44 -CD25 ? ) and DN4 (CD44 -CD25 -) cells [6] . Initial thymocyte development from DN1 to DN3 is promoted by molecules produced by cTECs, mainly interleukin-7 (IL-7) and Notch ligands [7, 8] . ELPs that home into the thymus retain the expression of the surface receptor c-kit [9] , indeed a small subset of early thymocyte progenitors (EPs) defined within DN1 prothymocytes still has high expression of c-kit [10] . DN thymocytes move to the subcapsular region of the thymic cortex and express the pre-T-cell receptor (pre-TCR) complex [11, 12] . The preWe apologize to those authors whose work was not cited due to space limitations or our oversight.
TCR is a unique molecular complex with an invariant preTCRa (pTa) chain associated with a recombined TCRb chain and the signaling molecules CD3c, CD3d, CD3e and CD3f, which also form part of the mature TCR [12, 13] . The pre-TCR, along with the Delta-Notch interaction [14] , initiates the signals for further development to DP thymocytes that express abTCR antigen receptors.
The TCR of cortical DP cells interacts with peptide-MHC complexes in stromal cells (cTECs and dendritic cells (DCs)) and the outcome of these interactions is the positive and negative selection of thymocytes. This results in the selection and survival of thymocytes that are potentially reactive to foreign antigens but tolerant to selfantigens, and therefore prevents autoimmune responses. Positively selected DP thymocytes then start relocating to the medulla and differentiate into T-helper or central regulatory CD4
? SP thymocytes that have the ability to recognize peptides presented by MHC class II molecules, or T-cytotoxic CD8
? SP thymocytes that can interact with MHC class I molecules.
SP thymocytes spend approximately 12 days in the medulla before being exported from the thymus. During this period, they undergo a maturation process to become mature and naïve SP thymocytes (CD62L hi CD69 low ). SP thymocytes are exported to the circulation through the perivascular space, which is channeled to post-capillary venules, arterioles and lymphatic vessels.
Thymocyte development, and more specifically their crossing through the pre-TCR-induced b-selection stage, is regulated by numerous transcriptions factors whose target gene products in turn control thymocyte maturation and also balance cell death and survival. In this article we review the nature, expression and function of different transcription regulators and their target genes that act to establish T-cell lineage commitment and the pre-TCR function.
Transcription factors in control of T-cell identity during development
Acquisition of T-cell-lineage identity includes both specification, which confers T-cell-specific functions, and commitment or loss of the ability to adopt alternative developmental fates. T-cell identity genes, as well as the transcription factors that regulate their expression, are turned on in a precise order [15] (Table 1 ). The composition of functional transcription factors shifts with each developmental transition of thymocytes, and the same transcription factor can have different roles at different stages. Transcription factors that are important for T cell development include T-cell identity factors, such as Notch, and non-lineage-specific regulators that play essential roles in T cell development [16] .
T-cell lineage-restricted transcription factors regulating T cell specification

GATA-3
The zinc-finger transcription factor GATA-3 is highly expressed in mature T cells and natural killer (NK) cells. During T cell development, GATA-3 is a key lineage specification and commitment factor whose expression gradually increases from DN1 to DN3 stages, then diminishes at the DN4 stage, and is increased again at the DP stage, becoming upregulated in the CD4
? SP population, but not in CD8
? SP cells [17] . Gata3 expression is regulated by Notch, TCF-1, and Bcl11b [18] . E proteins have different roles in regulating GATA-3. The E2A protein E47 induces its expression [19, 20] , facilitating Notch signaling that turns on Gata3 and protects it from PU.1 inhibition [21] . In addition, E2A proteins oppose IL-7R signaling and limit the expression of GATA-3 to restrain self-renewal and to prevent an arrest in differentiation [22] .
GATA-3 has crucial dose-dependent roles in early T cell survival, growth, specification and commitment [23] . While its overexpression in T-lineage precursors converts them to mast cells [24] , lack of GATA-3 affects the expression of T-lineage commitment genes such as Bcl11b or Cd3e [25]. Moreover, GATA-3 directly regulates the expression of proteins that control T cell development, such as recombination activating gene (RAG) [26] and Th-POZ-Krüppel-like factor (Th-POK), a CD4-cell specifying transcription factor [27].
TCF-1, a Wnt signaling pathway transcription factor
Wnt factors are soluble glycoproteins secreted by thymic epithelial cells. In its canonical pathway, Wnt-mediated signaling is initiated when Wnt binds to Frizzled receptors and the low-density lipoprotein receptor-related protein (LRP)-5 and LRP-6 on the cell surface of thymocytes [28] . The signaling cascade, involving blockade of GSK-3b, stabilizes cytoplasmic b-catenin, which translocates into 
Bcl11b
Bcl11b is a C2H2-type zinc-finger transcription factor highly restricted to T-lineage cells [38] . Bcl11b is induced in DN2 cells, coinciding with the commitment to the T-cell fate [39] . Its expression is blocked by IL-7 and induced by TCF-1 and Notch signaling [40] . Bcl11b facilitates the expansion of mature CD8 cells and the differentiation of regulatory T cells [41, 42] . In thymocyte development, Bcl11b is required for ab T-cell survival [43, 44] and its absence causes defective commitment of T-cell precursors, which retain myeloid and NK cell precursor properties (expression of Il2rb and Nfil3), and also express stem/ progenitor-associated regulatory genes, such as Flt3 [40, 45, 46] . Bcl11b induction marks the downregulation of Kit, the strong upregulation of the genes encoding the CD3 cluster, Thy1 and Rag1 genes, and the rise in Ptcra expression that peaks before b-selection [47, 48] .
Regulation of T cell commitment by transcription factors not restricted to the T-cell lineage
E proteins and Id repressors
Members of the E protein family of basic helix-loop-helix transcription factors dimerize to bind the DNA sequence CANNTG (in which N denotes any nucleotide) and control a variety of developmental processes in vertebrates. In T cell development, E2A (E47 and E12) and HEB (HEBAlt and HEBCan) proteins function mainly as heterodimers. Besides regulating Gata3 expression and IL-7R signaling, E2A and HEB are crucial during early T cell development, as they regulate the expression of Rag, Ptcra and Notch1, therefore enforcing the b-selection checkpoint [49] . These proteins also implement a proliferative checkpoint in thymocyte development, and lack of E2A or HEB induces premature hyperproliferation of DN3 cells [50, 51] . Also in b-selection, E47 is required for efficient allelic exclusion of the TCRb chain [52] . Once thymocytes reach the DP stage, E2A and HEB proteins are upregulated and block further development until a positive-selection signal is received [53] .
Id factors are helix-loop-helix proteins that antagonize E protein function during T cell development by dimerizing with them. There are four mammalian Id factors, Id1, Id2, Id3 and Id4 [54] . Id1-deficient thymocytes present a severe blockade at the DN1 stage of T cell development [55] . When activated physiologically by the pre-TCR, Id3 suppresses E2A activity transiently [54, 56] , but its forced overexpression promotes NK cell development at the expense of T cells [57] . During positive selection, inhibition of E proteins by Id factors is critical for thymocytes to proceed to the SP stage.
ETS family
All ETS (E-twenty-six) family members share a helix-turnhelix DNA-binding domain that binds to DNA sites with a central GGA sequence. Some members of this family have their expression and function regulated during T cell development. For instance, ETS1 is upregulated at the DN3 stage and promotes allelic exclusion of the TCRb gene [58, 59] , SPIB is induced only at the DN3 stage to arrest the cell cycle during the b-selection checkpoint [60], but PU.1, which is needed for the generation of precursors with the ability to migrate to the thymus, has to be completely downmodulated at the DN3 stage to promote T cell development as it plays a dominant role to direct myeloid fates. PU.1 specifically inhibits ETS1 and SPIB expression in thymocytes and, consequently, their induction depends on the downregulation of PU.1 [61] .
Runx factors
The three mammalian Runt-related transcription factors (Runx), although not T cell-specific in their expression or function [62] NFAT5 is a calcineurin-independent Rel-like protein initially described as an osmoresponsive transcription factor [93, 94] . NFAT5 also regulates different osmostressindependent functions such as the transcription response of macrophages to Toll-like receptor activation by pathogens [95] . In the thymus, NFAT5 expression is upregulated downstream the pre-TCR in an IKKb-dependent manner [96] . Conditional deletion of NFAT5 in early thymocyte development showed that NFAT5 facilitates thymocyte survival and b-chain allelic exclusion downstream the pre-TCR, but is not required for the positive or negative selection of DP thymocytes induced by the mature TCR [96] . NFAT5 facilitates the transition from DN3 thymocytes to DP cells in the absence of a detectable osmostress response, an effect that could be associated with enhanced expression of Bcl-2 and A1 (Bcl2a1) and attenuated p53/ Noxa axis.
Other transcription factors not restricted to the T-cell lineage
Besides the factors described above, the factors retinoic acid-related orphan receptor gamma t (RORct) and myeloblastosis viral oncogene homolog (Myb), which have been more extensively characterized in mature T lymphocytes and other cells, also regulate thymocyte development. RORct is the thymus-specific isoform of RORc that is induced specifically during b-selection [97]. Mice deficient for this factor have a defective DN-to-DP transition in thymocyte development [98] . Conditional deletion of Myb causes a developmental blockade at the DN3 stage, with reduced V(D)J recombination in the TCRb locus [99, 100] . Rag and Ptcra are c-Myb target genes that reflect the relevance of this transcription factor for the commitment of thymocytes to the ab lineage [101, 102] .
Apoptosis in T cell development
The regulation of cell survival and death during T cell development contributes significantly to the generation of functional mature T cells. There are many checkpoints along T cell development that rely on the fine-tuning of cell death and survival to control progression through the next differentiation step. Thymocytes have to be able to respond to cytokines released from thymic stromal cells in order to avoid cell death and, in addition, they have to express a functional pre-TCR or TCR to survive and be properly selected. It is clear that during these processes, the antiapoptotic and pro-apoptotic signals are of great importance. For instance, DP thymocytes undergo positive or negative selection after rearranging its TCRa chain [103, 104] . Cells bearing a rearranged mature TCR of high affinity for selfantigens are subjected to negative selection to prevent the existence of autoreactive T lymphocytes, and those bearing a TCR with intermediate affinity are positively selected. But nevertheless, the majority of DP thymocytes does not express a successfully rearranged mature TCR and undergoes death by neglect [103, 104] .
There are two major apoptotic pathways, the extrinsic pathway controlled by death receptors of the tumor necrosis factor receptor superfamily, and the intrinsic pathway mainly controlled by pro-apoptotic Bcl-2 family members. Although both pathways have been shown to act during thymocyte development, the intrinsic pathway has been found to be more relevant in many steps of thymocyte differentiation [105] .
The intrinsic apoptotic pathway and its effect in thymocyte development
The intrinsic apoptotic pathway is activated by stimuli as genomic toxicity and cytokine withdrawal. Intrinsic death signals converge at the outer membrane of the mitochondria to disrupt its integrity and then activate downstream apoptotic pathways. Bcl-2 family members are the major mediators of the intrinsic apoptotic pathway. This family comprises both death agonists and antagonists whose activity or expression is tightly controlled at different steps of thymocyte development [105] . Various examples of transcription factors that control thymocyte survival by regulating the expression of different Bcl-2 proteins have been mentioned in the previous section. Bcl-2 family proteins share structural homology within a-helical segments denoted as Bcl-2 homology (BH) domains numbered BH1-4 [106] [107] [108] .
There are three groups of Bcl-2 proteins defined by their structural motifs. Anti-apoptotic family members, Bcl-2, Bcl-x L , Mcl-1 and Bcl-2A1 (A1) possess all 4 BH domains. They all inhibit the pro-apoptotic Bcl-2 family members through BH domain interactions. Bcl-2 has a prominent prosurvival role during early thymocyte development downstream the IL-7 receptor [109, 110] . IL-7 signaling also upregulates the expression of Mcl-1, which is then required for DN thymocyte survival [111] . The expression of Bcl-x L , the main isoform of Bcl-x, is tightly regulated during thymocyte development at the double-positive stage [112, 113] and plays a non-redundant role in DP cell survival [113, 114] . Bcl-2A1 (A1) is a transcriptional target of the pre-TCR expressed in an NF-jB-and NFAT5-dependent manner to facilitate DN3 thymocyte survival [76, 96] .
The multi-domain pro-apoptotic members Bax and Bak possess the BH1-3 domains. They are the main executers of the intrinsic pro-apoptotic pathway [115] [116] [117] . Their function is explained by their capacity to form supermolecular openings in the outer membrane of the mitochondria, leading to the loss of mitochondrial integrity with the release of pro-apoptotic factors as cytochrome C. Cytosolic cysteine proteases called caspases are subsequently activated to induce the downstream steps of cell death. The transcriptional repressor growth factor-independent 1 (Gfi-1) inhibits the expression of Bax and, in addition to its role facilitating the DN2 to DN3 transition [118, 119] , the ratio of Gfi-1 to its target Pim-1 determines that pre-T-cells pass the 'DN3a' to 'DN3b' transition correctly during b-selection [120, 121] .
A subset of pro-apoptotic proteins that includes Bid, Bad, Bim, Bik, Bmf, Noxa and Puma, possesses only the BH3 domain. Instead of being direct executioners of cell death, they act as facilitators of the function of Bax and Bak, or by blocking the anti-apoptotic effect of prosurvival Bcl-2 family members [122, 123] . Different cell death stimuli activate or induce the expression of different BH-3 only proteins. p53-regulated apoptosis is activated during V(D)J recombination (as it involves double-strand DNA breaks) and is suppressed when a correct TCRb rearrangement and a functional pre-TCR signaling are achieved [124] [125] [126] [127] . In the absence of survival signals, p53 induces death by activation of pro-apoptotic molecules such as Noxa, Puma and Bid [128] [129] [130] [131] . As discussed in a previous section, the pre-TCR can promote survival of DN thymocytes through transcriptional induction of antiapoptotic Bcl2 proteins and attenuation of the p53/Noxa axis [75, 77, 96].
IL-7 and Notch signaling drive early thymocyte development before pre-TCR expression
Interleukin-7 signaling is necessary for early T cell development by promoting cellular expansion and survival [8] . IL-7 induces the expression of B cell leukemia/lymphoma 2 (Bcl-2) and myeloid cell leukemia sequence 1 (Mcl-1), which are essential prosurvival factors [109] [110] [111] . During T cell development, the IL-7 receptor (IL-7R) is expressed on DN2 cells, pre-b-selected DN3 cells and also in SP cells [132, 133] . The IL-7R signals via the phosphatidylinositol-3-kinase (PI3K)/Akt pathway, and also via the Janus kinases (JAK) JAK1 and JAK3 and their target signal transducer and activator of transcription 5 (STAT5) [134] . STAT5 cooperates with NFATc1, which is activated by an alternative JAK3-dependent pathway to guide thymocyte survival and development downstream the IL-7R [92] . Subsequent steps in thymocyte development marked by pre-TCR function are favored by the downregulation of IL-7R signaling and cell-cycle-activating genes by E proteins (E2A and HEB) [20, 51] . Notch signaling is also critical for T cell development and represents one of the best-studied T-cell lineage positive regulators. Notch is a transmembrane receptor involved in direct cell-cell signaling by interacting with a transmembrane ligand of the Delta/Jagged family in neighboring cells. Mammals possess four Notch receptors (Notch 1-4) and five ligands: two Serrate-like ligands called Jagged-1 and Jagged-2, expressed by the bone marrow stroma, and three Delta-like (DL) ligands called DL1, DL3 and DL4. In accordance with the importance of Notch signaling in early stages of T cell development [135] , DL1 and DL4 are expressed by cTECs, being DL4 the predominant Notch ligand in the thymus [136, 137] .
The extracellular portion of the Notch receptor consists of ligand-binding epidermal growth factor (EGF)-like repeats and Notch/LIN-12 repeats that prevent ligandindependent signaling [138] . Receptor-ligand interaction leads to the proteolytic cleavage of Notch that releases its intracellular domain. The intracellular Notch domain (ICN) translocates to the nucleus to bind the transcription factor recombination signal binding protein for immunoglobulin Jj (RBPJj), displacing the Groucho co-repressor and recruiting co-activators such as Mastermind-like proteins (MAML). Several genes are directly activated by the Notch/RBPJj complex during thymocyte development: Ptcra (encoding the pTa) [102] , the transcription factor hairy, enhancer of split 1 (Hes1), Deltex1 [135] and Tcf7 [32], as well as a number of receptors and transcription regulators, including Cd25, Il7r, Tcf12, Runx1, Gfi1, Ets1, Gata3, Rag1.
Among all four Notch receptors, Notch1 plays an indispensable role during T cell development, particularly in the T versus B lineage choice [139] . Mice deficient in Notch1 in hematopoietic stem cells (HSCs) display an arrest at the DN1 stage of T cell development and generate B cells intrathymically [7] .
Notch also influences the pre-TCR, since it is necessary for TCRb rearrangements [140] and also for the transcription of the pre-TCR a-chain (pTa) [102] . Notch facilitates the ab lineage choice at the point of emergence and divergence between the ab and cd lineages in DN3 cells [141] . Transition through the b-selection checkpoint requires cooperative signaling of Notch and the pre-TCR, whereby Notch ensures survival by regulating the metabolism of glucose, an essential nutrient required for cellular energy and biosynthesis [14] .
Thymocytes become independent from Notch at the immature single-positive (ISP) stage, in the DN-to-DP transition, and Notch signaling is dispensable in subsequent stages of thymocyte differentiation [142] . Notch1 is poorly expressed in DP cells and conditional inactivation of Notch1 after b-selection does not result in any developmental defects [143, 144] .
Early lineage plasticity in T cell development
The DN1 population has the capacity to generate multiple lineages (B cells, NK cells, DCs and myeloid cells) and already expresses, albeit at low levels, certain T cell receptors (CD44, CD24, Thy-1 . Development from early T-cell lineage DN1 progenitors to DN3 cells is independent of the TCR. DN1 and DN2 cells proliferate extensively while acquiring their first T cell characteristics. Finally, by the DN3 stage, T-cell identity is set, c-kit and CD44 are downmodulated, cells stop proliferating, and the TCRb gene is rearranged and expressed as part of the pre-TCR. DN3 thymocytes that succeed in making in-frame TCRb gene rearrangements become larger cells (referred to as DN3b, and also known as late DN3 cells, DN3L) expressing low levels of CD27, which distinguishes them from CD27
? DN3 cells that were not yet selected (referred to as DN3a, also known as early DN3 cells, DN3E) [145, 146] .
Regulation of lineage plasticity during early thymocyte development also exhibits strong transcriptional control ( Fig. 1; Table 2 ). In this regard, Id2 induces NK cell development [19] , GATA-2 is involved in the generation of megakaryocytes and mast cells [147] , The CAAT-enhancer binding protein alpha (C/EBPa) induces myeloid development [148] and PU.1 induces myeloid and B cell development [148, 149] . Factors that facilitate lineage plasticity must be silenced in order to establish the T cell fate. This requires, among others, signaling and transcriptional activation of target genes by Notch1 after its interaction with its Delta-like ligands expressed on the thymic stroma. However, Notch1 is necessary but not sufficient for T cell commitment, and other transcription factors cooperate with it in the T cell specification of early precursors. These include GATA-3, TCF-1, E proteins, Runx1, Ikaros family members, the proto-oncogene c-Myb and the transcriptional repressor Gfi-1 [61] ( Fig. 1;  Tables 1, 2) . Moreover, other transcription factors are specifically induced at the DN2 stage to reinforce the setting of T-cell identity, like the E protein HEBAlt, which acts by preventing myeloid development [150] and Bcl11b (B-cell lymphoma 11b) that blocks NK cell development [45] .
Rearrangement of the TCRb gene
The accomplishment of DNA rearrangements that generate functional TCR proteins is indispensable for the survival and progression of T-cell precursors. The genomic locus of each TCR contains many copies of V, D, J segments whose combination generates the great diversity of TCR specificities that can be found in one individual organism and is largely responsible for the ability of the immune system to respond to different antigens [151] .
The joining of rearranged V, D, and J segments is imprecise, and two-thirds of the fused DNA segments fail to maintain the translational reading frame, generating nonfunctional TCR-b proteins [152] . As a result, almost half of the DN thymocytes attempting to rearrange their TCR-b genes fail on both alleles. Accumulation of these dead-end cells is prevented by b-selection. Therefore, implicit in the process of TCRb V(D)J recombination is the existence of a developmental checkpoint, the so-called ''b-selection checkpoint'' [145] , to ensure that only those cells that have productively rearranged their TCRb loci can undergo further differentiation, whereas those that fail, suffer cell death [153] .
V(D)J recombination for the TCRb loci is initiated by the RAG-1 and RAG-2 endonucleases, which cleave gene segments producing double-strand breaks at specific recognition sequences. Broken ends are then processed and joined by factors generally involved in repair of non-homologous end joining DNA breaks [154] . Expression of Rag genes is induced by transcriptional regulators including GATA-3, Ikaros, C/EBPa, HEB/E2A and c-Myb [101] ( Table 2) . Once DN3 cells receive a pre-TCR signal, Rag genes are downregulated, due in part to the upregulation of Id3, which blocks HEB/E2A activity [56] . The assembly and expression of an antigen receptor chain from one allele inhibits further V(D)J recombination on the other allele. This is termed ''allelic exclusion'', and is defined as the surface expression of BCR or TCR chains from a single allelic copy, and is maintained by feedback negative regulation [155] . Allelic exclusion determines that each T cell will only express one TCR specificity, an important point for facilitating central tolerance of selfreactive lymphocytes and avoiding autoimmunity. Nonetheless, a small percentage (1-3 %) of TCRb loci escape allelic exclusion, which results in some lymphocytes exhibiting poly-specific antigen recognition due to two different TCR being expressed in the same cell [155] . As discussed below, the mechanisms that control allelic exclusion in the TCRb locus are poorly characterized but some transcription factors are known to be involved.
Thymocyte b-selection through different pre-TCRinduced outcomes
Pre-TCR signaling has the ability to regulate diverse biological outcomes, each one of them appearing to be, for the most part, functionally unrelated to the rest [77, [156] [157] [158] . Signaling initiation and functional outcomes distinguish the pre-TCR from the mature cdTCR and abTCR [159, 160] . The pre-TCR rescues cells from apoptosis, restarts the cell cycle, upregulates CD4 and CD8 expression, downregulates CD25 expression, ends TCRb rearrangements by imposing allelic exclusion, and initiates TCRa expression. These unique functions of the pre-TCR control the b-selection checkpoint in thymocyte development ensuring that only thymocytes with productive in-frame TCRb rearrangements will go into the processes of positive and negative selection, leading to the TCR repertoire and defining antigen specificity.
The discovery of the pre-TCR was driven by the realization that the rearrangement of the gene encoding TCRb takes place before the TCRa gene is rearranged [11, 161] . Indeed, TCR-b chains drive the differentiation of DN to DP thymocytes in the absence of TCR-a chains [162] [163] [164] [165] . The pre-TCR is a multisubunit complex that includes a recombined TCRb chain bound to the invariant pre-TCRa chain (pTa) and CD3 signaling molecules [12, 13] . The pre-TCR is clustered in glycolipid-enriched microdomains of the plasma membrane [159] and transduces weak signals that favor the commitment of the immature DN cells towards the ab lineage and not the cd one [153, 166, 167] . The pre-TCR presents lower levels of surface expression than the mature TCR, and this was proposed to be due, at least in part, to its nature of disulfide-linked heterodimeric proteins, which are very often degraded in the endoplasmic reticulum [157] . Another explanation proposed for its low level of surface expression is the fact that its constitutive signaling would induce the rapid internalization and degradation of the pre-TCR in lysosomes in a proteasomeand ubiquitin-ligase-dependent manner [168] .
Expression of the Ptcra gene encoding the pre-TCRspecific alpha chain is upregulated at the DN2 stage by the transcription regulators c-Myb, E proteins (E2A-HEB heterodimers), and the Notch-dependent transcription factor RBPJj [102, 169] (Table 3 ). The mRNA of Ptcra increases along the differentiation of DN cells, and is fully extinguished in DP cells after the rearrangement of the TCRa gene and the membrane expression of a mature TCRab [170] .
Signaling by the pre-TCR is ligand-independent and does not require recognition of MHC-presented antigens, in clear contrast to the mature TCR [159, 171] . The signaling ability of the pre-TCR is controlled by both its extracellular immunoglobulin-like domain, which facilitates the oligomerization of the pre-TCR complex [172] , and also its cytoplasmic tail, which is required for downstream signal transduction [173] . Signals from the pre-TCR synergize with signals that activate the Notch pathway in DN3 thymocytes to induce the transition of DN thymocytes to DP cells [174] . In addition, the chemokine receptor CXCR4 was described to associate with the pre-TCR acting as a costimulatory molecule to control survival during b-selection in a PI3K-dependent manner [175, 176] . The Wnt signaling pathway Despite its lack of conservation between humans and mice, the cytoplasmic tail of the pre-TCR, and particularly a proline-rich motif in the tail, is required for its function [173, 179] . Targeting of proximal components of the pre-TCR signaling cascade have shown that the SRC-family kinase p56
Lck (Lck), f-associated protein of 70 kDa (ZAP70), linker for activating T cells (LAT), and SH2 domain-containing leukocyte-specific phosphoprotein of 76 kDa (SLP-76) are early signaling components engaged by the pre-TCR [158, 180] . Pre-TCR signals (Fig. 2) are transduced through the immunoreceptor tyrosine-based activation motifs (ITAMs) located in the cytoplasmic tails of CD3 chains, which become phosphorylated by the Srcfamily protein kinases Lck and Fyn [181, 182] . ZAP-70 and Syk are then recruited to the CD3 tail of the pre-TCR complex [183] [184] [185] and activate adaptor proteins as LAT, SLP-76 and Vav that initiate three signaling pathways through the activation of PI3K, PLCc and Ras [77, 156, 157] (Fig. 2) . Apart from the signaling pathways activated by the pre-TCR, this complex also blocks death signals. These survival signals block the DNA damage-responsive p53 pathway and function in a manner independent of the adaptor FADD (Fas-associated death domain protein) [77, 156] . While the hierarchy of molecules that assemble the different signaling cascades of the pre-TCR is quite established, knowledge on the target genes that respond to these inputs and the specific mechanisms that regulate their expression is more limited ( Fig. 2; Table 4 ). Completing the puzzle of transcription factors that lay beneath the different signaling branches of the pre-TCR and learning which genes they regulate would provide a complete picture of the way this receptor controls the commitment of ab-lineage thymocytes. The next sections summarize what is known about different signaling branches of the pre-TCR and their specialization in activating different transcription factors to drive its multiple functions. As discussed previously, transcription factors known to be involved in pre-TCR expression or function can also work in other, pre-TCR-independent, roles in thymocyte development or mature T lymphocytes.
PI3K pathway: activation of Akt-induced survival Upon activation of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), various 3-phosphorylated phosphoinositides (PtdIns3P, PtdIns(3,4)P2, PtdIns(3,5)P2, and PtdIns(3,4,5)P3) are produced in the membrane [186] . The different phosphoinositides allow the recruitment to the cellular membrane of various signaling proteins containing phosphoinositide-binding domains, such as PX domains, pleckstrin homology domains (PH domains), and FYVE domains. Protein kinases PDK1 (phosphoinositide-dependent kinase-1) and AKT contain a PH domain specific for PtdIns(3,4,5)P3 and PtdIns(3,4)P2, which causes them to translocate to the plasma membrane upon PI3K activation. Colocalization of activated PDK1 and AKT enables PDK1 to phosphorylate AKT, leading to its partial activation. AKT activation is of central relevance in pre-TCR signaling since it maintains survival of DN3 cells through phosphorylation-dependent inhibition of Forkhead box O (FOXO) transcription factors, which promote cell-cycle arrest and apoptosis [187, 188] . The increased susceptibility of AKT-deficient immature thymocytes to undergo apoptosis is probably due to both dysregulation of the expression of Bcl-2 family members as Bim but also impaired glucose metabolism [131, 187] . Notably, during b-selection, Notch also acts via AKT promoting survival independently of pre-TCR signals [14] . Apart from AKT, PDK1 also phosphorylates the ribosomal subunit kinases S6K and RSK, which lack a PH domain and are required downstream of Notch for optimal pre-T cell growth and proliferative expansion [186, 189] .
PLCc pathway: activation of NFAT, NF-jB and the MAPK pathways to induce differentiation, survival and proliferation Phosphorylation of phospholipase Cc (PLCc) activates it to yield diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) from the hydrolysis of PIP 2 (PtdIns(4,5)P2). Different signaling pathways derive from these two molecules.
IP3 causes an efflux of cytosolic calcium (Ca 2? ) from endoplasmic reticulum stores, and the elevated levels of intracellular Ca 2? result in calmodulin saturation and the direct activation of the phosphatase calcineurin [190] . Calcineurin is composed of a catalytic A subunit and a regulatory B subunit. Activated calcineurin directly binds and dephosphorylates cytosolic NFATc transcription factors, which then translocate into the nucleus to transactivate their target genes [78, 79] . Mice lacking the major calcineurin catalytic isoform expressed in lymphocytes, CnAb, or removal of CnB1 function specifically in T In support of the notion that the calcineurin/NFATc pathway regulates pre-TCR-induced thymocyte differentiation to DP cells, enforced expression of NFATc1 partially bypasses the need of pre-TCR signaling to induce thymocyte passage through the bselection checkpoint and revealed that Id3 is an NFATc target gene [88, 89] . DAG activates different forms of the protein kinase C (PKC) family. Particularly relevant for T cells is PKCh [191, 192] , which activates the IKK complex and NF-jB in response to TCR signaling [72] . Indeed, PKCh acts as a target of Notch3 signaling to mediate pre-TCR-induced NF-jB activation [193] , which is consistent with the described role of PKC regulating allelic exclusion and differentiation downstream the pre-TCR [194] . As mentioned earlier, NF-jB is an essential regulator of different pre-TCR functions as it promotes differentiation, intensive cellular expansion, and survival of thymocytes that transit from the b-selection checkpoint to DP cells [74] [75] [76] . The prosurvival Bcl-2 family protein A1 is expressed in an NFjB-dependent manner downstream the pre-TCR. Interestingly, the conventional IKKb/NF-jB pathway regulates the expression of the transcription factor NFAT5, which in turn, not only binds the promoter region of the A1 gene (Bcl2a1) but also binds the Bcl2 promoter to facilitate their expression in DN cells and support thymocyte survival [96] . Although the pre-TCR marks a window of thymocyte development with reduced Bcl-2 expression, the NFAT5-regulated Bcl-2 expression during the transit of b-selected thymocytes to DP cells can be interpreted as a means to support a threshold of activity for this prosurvival factor downstream the pre-TCR.
The RAS-mitogen-activated protein kinase (MAPK) pathway: proliferation, differentiation and allelic exclusion
The Ras-Raf-MEK1/2-Erk1/2 MAP kinase (MAPK) cascade, which is directly activated through SLP-76 and Grb2-SOS is a relevant player downstream the pre-TCR [195, 196] to fuel the proliferation and differentiation of bselected DN3 thymocytes [77] . Extracellular signalregulated kinase (Erk) controls the activation of ETS1 and early growth response (Egr) transcription factors [197] . ETS1 is required for thymocyte survival and allelic exclusion downstream of the pre-TCR [59] . The expression of Egr family members Egr1, 2, and 3 correlates with pre-TCR expression and thymocyte development beyond the bselection checkpoint, and enforced expression of different Egr factors bypasses the block in development associated with defective pre-TCR function [197, 198] . However, different Egr family members may have somewhat distinct roles in promoting thymocyte development since there are differences in genes that, such as Rag1, Rag2, Ptcra and Tcra, are modulated by enforced expression of particular Egr factors [197] . Egr1 was shown to be upregulated in bselected cells promoting their development to the immature CD8 single-positive stage [199] . This transcription factor acts together with NFATc1 to induce development beyond the b-selection checkpoint, as they synergistically induce expression of Id3 [88, 200, 201] , a transcriptional repressor that antagonizes the activity of E proteins E12, E47 and HEB and therefore promotes proliferation and progression to the DP stage [56] . Egr3-induced Id protein expression also results in a transient loss of E protein-dependent RORct expression and directly affects RORct function blocking the expression of anti-proliferative genes, such as cytoplasmic polyadenylation element binding protein 4 (mCPEB4) [202] . These works lend support to the view that control of proliferation by pre-TCR signals is highly dependent on the activities of the transcription factors RORct, Egr3, E12, and E47. Regarding the activity of E47 downstream pre-TCR, although it is clear that it must be antagonized to facilitate proliferation, it is also required to control TCRb allelic exclusion [52] .
Blockade of p53-dependent pro-apoptotic and antiproliferative functions by the pre-TCR The response of thymocytes to pre-TCR signaling includes gene rearrangements and proliferation, two processes that are incompatible and must occur sequentially. V(D)J recombination requires exit from the cell cycle [203] . Small DN3a cells undergoing TCRb rearrangements are quiescent cells, and large DN3b cells represent thymocytes that enter cell cycle after the rearrangements are completed and the pre-TCR is functional. Among other factors, cell-cycle arrest of DN3a cells is regulated by the tumor suppressor p53. p53 induces p21 waf1 which, in addition to its function as a modulator of cell death and its oncogenic p53-independent role in thymic lymphomas [204] , acts together with the FOXO-regulated p27 kip to arrest the cell cycle [205, 206] . Re-entry into the cell cycle occurs in DN3b cells, promoted by functional pre-TCR signaling. Pre-TCR signaling has also been linked to the inhibition of DNA damage-dependent p53-mediated apoptosis. In the absence of survival signals, an accumulation of p53 induces cell death by activating pro-apoptotic molecules such as Noxa, Puma and Bid, which in turn will activate Bax to translocate to mitochondria and initiate the cascade of caspases that leads to cell death [131] . The apoptotic function of p53 is activated during V(D)J recombination of the TCRb locus (as it involves DNA double-strand breaks) and is suppressed if a correct TCRb rearrangement is produced [125, 126] . Indeed, blockade of thymocytes at the DN3 stage observed in mice defective for pre-TCR signaling is prevented when p53 is deleted [124, 126, 207] . Although it is known that the guanine nucleotide binding protein/GTPase Rho suppresses p53-mediated apoptosis downstream of the pre-TCR [127] , the signaling steps that link the pre-TCR to inhibition of p53 are not fully elucidated. Recent evidence shows that the transcription factor Miz-1 induces the expression of the gene encoding ribosomal protein L22 (RPL22), a negative regulator of p53 translation [208] , which is consistent with the role of Miz-1 and RPL22 as prosurvival molecules that antagonize p53 during the bselection checkpoint of thymocytes [209] [210] [211] .
Besides the regulators discussed in previous sections, there are some pre-TCR induced proteins that regulate thymocyte function, but whose connection with signaling components of the pre-TCR complex is poorly characterized. For instance, cyclin D3 is upregulated after bselection to promote cell-cycle entry, and thymocytes lacking it show defective expansion and are more susceptible to oncogenic transformation [212] . On the antiproliferative side, the ETS transcription factor SPIB is highly expressed in DN3 cells and restrains their proliferation, but its expression is turned off after b-selection [60].
Future perspectives
The pre-TCR controls the b-selection checkpoint in thymocyte development through a balanced combination of processes the determine cell survival, death, proliferation, and cell-cycle arrest. Transcription plays a main role in these processes, and specific transcription regulators coordinate their function to facilitate the transit of thymocytes through the b-selection checkpoint.
Despite knowledge accumulated during the last two decades on the identity of the transcription factors that sense the pre-TCR signaling and induce its distinct functional outcomes, the identification of the specific genes they bind and induce is still limited. Resolving gene expression profiles during pre-TCR-regulated thymocyte transitions, and the changes in chromatin architecture and transcription factor dynamics involved, poses a major challenge due to the difficulty of isolating cell subsets or differentiation stages represented in very small numbers. Fortunately, advances in single cell RNA sequencing and novel technologies, such as the recently developed iChIP assay [213, 214] , a variation of the chromatin immunoprecipitation sequencing, are greatly facilitating the analysis of gene regulation events in limited amounts of cells during development transitions. These techniques, in combination with gene knockouts and genetic tagging for lineage tracking, will likely expand our understanding on how the pre-TCR converts the activation of its different signaling branches into distinct gene expression programs. 
